Abstract. Large ice hydrometeors are usually present in intense convective clouds and may significantly affect the upwelling radiances that are measured by satellite-borne microwave radiometers -especially, at millimeter-wavelength frequencies. Thus, interpretation of these measurements (e.g., for precipitation retrieval) requires knowledge of the single scattering properties of ice particles. On the other hand, shape and internal structure of these particles (especially, the larger ones) is very complex and variable, and therefore it is necessary to resort to simplifying assumptions in order to compute their single-scattering parameters.
Introduction
Several currently flown microwave radiometers provide observations in the frequency range GHz -e.g., the Special Sensor Microwave Temperature 2 (SSM/T2) and the Special Sensor Microwave Imager Sounder (SSMIS) onboard satellites of the US Defense Meteorological Satellite Program (DMSP), the Advanced Microwave Sounding Unit B (AMSU-B) aboard NOAA-15, 16, 17, 18 operational satellites, the Humidity Sounder for Brazil (HSB) aboard NASA's Aqua Mission, and the Microwave Humidity Sounder (HMS) onboard EUMETSAT's MetOp operational satellite. These microwave frequencies are highly responsive to scattering by frozen hydrometeors in precipitating clouds. Therefore, in order to use them for precipitation retrieval, it is necessary to understand and model the single-scattering properties (scattering, absorption, and extinction efficiencies; singlescattering albedo; and asymmetry factor) of the ice particles themselves (e.g. Gasiewski, 1992; Bennartz and Petty, 2001; Zhao and Weng, 2002; Bennartz and Bauer, 2003; Kongoli et al., 2003; Skofronick-Jackson et al., 2004; Hong et al., 2005a, b; Ferraro et al., 2005) .
Because of the absence of direct measurements of the scattering properties of ice particles in precipitating clouds, one has to compute these parameters by means of Maxwell's electromagnetic equations. On the other hand, both in situ measurement field campaigns and laboratory experiments show that ice particles are usually non-homogeneous and non-spherical, and often have complex geometries being ice crystals of various habits (e.g. Bailey and Hallett, 2004; Heymsfield and Miloshevich, 2003) . The discrete dipole approximation (DDA) originally developed by Draine and Flatau (1994) is a rigorous method that is capable of treating arbitrarily shaped and inhomogeneous particles. Therefore, it is recognized as the optimal technique to compute the 80 D. Casella et al.: Microwave single-scattering properties single-scattering properties of ice crystals and snow particles at microwave frequencies (e.g. Evans and Stephens, 1995; Liu, 2004; Kim, 2006) . However, the DDA method is computationally expensive to be applicable in remote sensing algorithms. Thus, simplified methods that make use of Mie theory and "equivalent" spheres are usually adopted. A simplified method that has been often used by the microwave remote sensing community for precipitation retrieval (e.g. Mugnai et al., 1990; Kummerow et al., 2001) approximates each non-spherical ice particle with a "fluffy sphere" (i.e., a homogeneous spherical mixture of ice and air) having the same mass than the ice particle and an equivalent volume (V ) which is usually taken as the volume of the circumscribing sphere. Noteworthy, a similar approximation has been also adopted for melting ice particles by using homogeneous spherical mixtures of ice, water and air (e.g. Meneghini and Liao, 1996; Bauer et al., 1999; Olson et al., 2001; Bennartz and Petty, 2001 ). The dielectric constants of these "equivalent" spheres are usually determined by effective-medium mixing theories, such as that of Maxwell Garnett (see Bohren and Huffman, 1983) . In what follows, for simplicity we will refer to this method as Maxwell Garnett approximation.
Another simplified method that uses "equivalent" spheres was proposed by Grenfell and Warren (1999) (see also Neshyba et al., 2003) for the ultraviolet-visible-infrared portions of the electromagnetic spectrum, and then used for microwave radiation as well (e.g. Skofronick-Jackson et al., 2004) . In this approximation, the single-scattering properties of each non-spherical ice particle are computed by means of a collection of equal-size solid-ice spheres having a diameter determined by the volume to cross-sectional area ratio (V/A) of the original non-spherical ice particle.
In this paper, we describe a new model that we have developed to represent quasi-spherical snow pellets and soft graupel particles. Then, we use the DDA method to compute the single-scattering parameters of these particles in the frequency range 50-183 GHz, and compare our results for randomly-oriented particles with corresponding results for the equivalent ice spheres of the Maxwell Garnett and Grenfell and Warren (1999) approximations, as well as with the scattering formulas developed by Weinman and Kim (2007) for randomly-oriented aggregates of ice cylinders. Finally, we extend these scattering formulas to our quasi-spherical soft-ice particles.
Soft-ice particle models
We have developed two different particle models (hereafter referred to as "kind A" and "kind B" particles) to represent quasi-spherical and non-homogeneous soft-ice particles, such as snow pellets and soft graupel. Kind A particles are modeled as quasi-spherical ice particles having randomly distributed spherical air inclusions, while kind B particles are Fig. 1 . Three-dimensional cartesian representation of a kind A quasi-spherical soft-ice particle with randomly-positioned pseudospherical air inclusions of random radii. Large red points represent solid-ice dipoles, while small blue points represent air dipoles. The coordinates are in units of the DDA lattice spacing d (see Sect. 3 for more details), and the center of the circumscribing sphere is at (0, 0, 0).
Fig. 2.
Three-dimensional cartesian representation of a kind B quasi-spherical soft-ice particle made by randomly aggregating pseudo-spherical ice elements of random radii. As in previous Fig. 1 , large red points represent solid-ice dipoles, small blue points represent air dipoles, and the coordinates are in units of the DDA lattice spacing d (see Sect. 3 for more details) with the center of the circumscribing sphere at (0, 0, 0). modeled as quasi-spherical random aggregates of solid-ice spheres having random radii. Here, random means that a pseudorandom array in the code sets both the position of the center of every pseudo-spherical air inclusion (kind A) or of every pseudo-spherical ice component (kind B), and the radius of the pseudo-spherical inclusion/component itself. Examples of kind A and kind B particles are shown in Figs. 1 and 2, respectively. While rimed ice particles can have different shapes, graupel particles can be either conical or oblate spheroidal or can have an apple shape, snow pellets are almost spheroidal (Pruppacher and Klett, 1997) , in this preliminary study we have chosen to use quasi-spherical shapes. Nevertheless, comparison with Fig. 3 indicates that our model particles may be reasonable representations of soft-ice particles that are found in nature. Specifically, kind A and kind B particles may be used to simulate large graupel particles with air bubbles included, and small snow pellets with rimed drops that are still distinguishable, respectively. In both models, particle bulk density and dimensions are coherent with the snow hydrometeor category that is utilized by the University of Wisconsin -Non-hydrostatic Modeling System (UW-NMS) cloud-mesoscale model developed by Tripoli (1992) , which we use for generating the cloudradiation databases (Tripoli et al., 2007) for our precipitation retrieval algorithm (Sanò et al., 2008 ) -i.e., snow density (ρ snow ) is fixed to 0.2 g/cm 3 and the radius (r) of the circumscribing sphere varies from 0.013 cm to 0.5 cm.
Discrete dipole approximation method
We use the discrete dipole approximation (DDA) developed by Flatau (1994, 2004) to compute the single scattering properties of our non-spherical soft-ice particles. The DDA method is a flexible technique which accurately computes the light scattering by arbitrarily shaped and inhomogeneous particles, and it has been used in various applications to study the scattering by dust and ice particles (e.g. Evans and Stephens, 1995; Liu, 2004; Evans et al., 2005; Kim, 2006) . In the DDA method, the arbitrarily shaped target continuum is represented by an array of polarizable point dipoles. The scattering properties of the specific target -which include the absorption efficiency, scattering efficiency, extinction efficiency, and 4×4 Mueller scattering intensity matrix -are calculated by the interaction between the array of dipoles and a monochromatic plane wave incident from infinity.
The main advantage of the DDA method is that it is completely flexible regarding the geometry of the target. The point dipoles in the array representing the arbitrary target occupy the positions on a cubic lattice with a lattice spacing d which is required to be small compared both to any structural lengths in the target and the incident wavelength (λ). According to the authors, the DDA method gives adequately accurate results (i.e., errors in the single-scattering albedo less than 1%) if |m|kd<1, where m is the complex refractive index of the target material, and k=2π/λ is the wave number; in addition, the authors find that in order to compute the scattering phase function, a more conservative criterion |m|kd<0.5 is required. In this study, a variable dipole number N (N=V /d 3 , where V is the volume of the target) is used for the different particle sizes and frequencies, so as to ensure the more conservative criterion.
Results
We have computed the single-scattering quantities (scattering, absorption, and extinction efficiencies; single-scattering albedo, and asymmetry factor) for the two kinds of soft-ice model particles that are described in Sect. 2. Calculations were made at four microwave frequencies (50, 89, 150, and 183 GHz) for kind A particles, and only at 89 GHz for kind B particles. All results that are shown in this Section are for random orientation and were obtained by averaging over 100 different particle orientations. In addition, we only show the scattering/extinction efficiencies and the asymmetry factor because absorption by ice is very low at these frequencies -absorption efficiency is usually less than 0.02 while scattering efficiency can be as large as 3.2.
As an example, Fig. 4 shows the scattering efficiency (Q sca -defined here as the scattering cross section divided by the cross section of the circumscribing sphere) and the asymmetry factor (g) at 89 GHz for kind A and kind B particles having radii (r) smaller than 0.5 cm. For comparison, the corresponding results for two equivalent-sphere approximations (Maxwell Garnett and Grenfell and Warren, 1999) are also shown. Noteworthy, while the asymmetry factors for the two kinds (A and B) of quasi-spherical soft-ice particles are almost identical, noticeable differences are found for the scattering efficiency -especially above 0.4 cm, where Q sca starts decreasing for kind B while keeps increasing for kind A.
It is evident that the Grenfell and Warren approximation does not adequately represent the scattering properties of quasi-spherical soft-ice particles -especially, because it greatly underestimates the asymmetry factor, while significantly underestimating/overestimating the scattering efficiency for particles smaller/larger than about 0.35 cm. In contrast, the Maxwell Garnett approximation seems to be acceptable for particles smaller than about 0.3 cm (i.e., for Mie size parameters x=2πr/λ smaller than 5.5). Differences from "exact" scattering quantities are less than 10% at these sizes, but rapidly increase for larger sizes -in particular, while the "exact" asymmetry factor constantly decreases from about 0.8 to about 0.7, it slightly increases from about 0.9 to about 0.93 for the Maxwell Garnett approximation.
Similar comments can be made for Fig. 5 which shows the single-scattering results at 150 GHz for kind A particles having radii smaller than 0.5 cm, as well as for corresponding Maxwell-Garnett and Grenfell and Warren (1999) equivalent spheres -the main difference with the previous figure being that the Maxwell Garnett approximation now seems to be acceptable up to about 0.15 cm (i.e., for Mie size parameters x.<5, which is equivalent to the range that was found for 89 GHz). In addition, the scattering quantities of our soft-ice particles do not show any of the characteristic Mie oscillations that are evident for the solid-ice spheres of the Grenfell and Warren (1999) approximation.
The Maxwell Garnett approximation fails above r∼0.15 cm as all differences tend to increase. In particular, this approximation significantly underestimates (up to more than 20%) the scattering efficiency, while greatly overestimating the asymmetry factor -which is almost constant at about 0.9-0.95 for the Maxwell Garnett soft-ice spheres, while constantly decreasing from about 0.87 to about 0.62 for our soft-ice non-homogeneous particles. This latter result confirms an important conclusion of SkofronickJackson et al. (2004) who found in their attempt to retrieve snowfall over land from AMSU-B measurements, that using the Maxwell Garnett approximation to perform radiative transfer calculations would generate very large asymmetry factors (>0.9) at the higher microwave frequencies and would not adequately "cool" the upwelling radiation, as compared to AMSU-B measurements.
By applying the anomalous diffraction theory, Weinman and Kim (2007) find the following fitting formulas to their DDA computations for randomly-oriented aggregates of ice cylinders: 2.6 ( 1) where Q ext and g are the extinction efficiency (defined as the extinction cross section divided by the particle projected area A ⊥ ) and the asymmetry factor, respectively, while ρ is the phase delay suffered by the radiation as it passes through the particle. According to van de Hulst (1957) , ρ=k (m−1) where is a length representing the effective dimension of the particle -for cylinders, is given by (Weinman and Kim, 2007) :
In order to compare our single-scattering DDA computations for soft-ice quasi-spherical particles with the Weinman and Kim (2007) fitting formulas, we have to compute the phase delay ρ for our particles. To this end, we use the following definition of the effective dimension , which is appropriate for a mixture of spheres (van de Hulst, 1981, p. 194 ):
where A ⊥ and V for our soft-ice particles are respectively given by the total projected area and by the total volume of the ice dipoles forming the particle:
Here, r is the radius of the circumscribing sphere, ρ ice =0.916 g/cm 3 is the density of pure ice, and the factor f has been computed by utilizing several different particle realizations in random orientation both for kind A and kind B particles -we find f A =0.95 and f B =0.78, respectively. The comparison is presented in Fig. 6 , which shows Q ext /ρ and g from Weinman and Kim (2007) fitting formulas as a function of the phase delay ρ, together with the corresponding values from our DDA computations for kind A particles at four frequencies (50, 89, 150, and 183 GHz) and for kind B particles at 89 GHz only. Evidently, Weinman and Kim (2007) fitting formulas do not adequately represent the scattering from our soft-ice particles. This is not unexpected due to the fact that these authors attempt to model snow flakes and therefore use complex non-spherical particle shapes that are very different from our quasi-spherical shapes. In particular, Q ext /ρ from the fitting formulas shows a peak at about ρ=2.4 which is 20-30% higher than the highest values for our soft-ice particles -which are usually found at larger ρ values (between 2.4 and 3.1). In addition, the fitting formula for the asymmetry factor largely underestimates the results for our soft-ice particles up to about ρ∼3.
On the other hand, the behavior of the fitting formulas is overall similar to that of our computations. Thus, we have modified the fitting parameters so as to best represent our results. We find: The results from the modified fitting formulas are also shown in Fig. 6 . Obviously, the new fitting formulas represent much better the scattering properties of both kind A and kind B particles -relative errors are usually less than 20%. Thus, we plan to perform a sensitivity study on the accuracy of these formulas for computing the upwelling brightness temperatures that would be measured by space-borne microwave radiometers.
Conclusions
We have developed two different models (kind A and kind B) to represent quasi-spherical snow pellets and soft graupel particles, and have used the DDA method to compute the single-scattering parameters of these particles for particle density equal to 0.2 g/cm 3 and in the frequency range 50-183 GHz. Then, we have compared our results for randomly-oriented soft-ice particles with corresponding results for two kinds of equivalent ice spheres (referred to as -Single-scattering results at 89 GHz for kind A and kind B particles are quite similar -especially for the asymmetry factor. This is somewhat unexpected because as shown by Figs. 1 and 2 , the two kinds of particles may look rather different. In future work, we plan to verify this result at different frequencies and/or for different particle densities.
-The Grenfell and Warren (1999) approximation doesn't ever adequately represent the scattering properties of our soft-ice particles. This is not surprising if we think that these authors attempt to model the scattering properties at ultraviolet-visible-infrared frequencies (not at microwave frequencies) of ice crystals having shapes that are very different from our quasi-spherical shapes.
-In contrast, the Maxwell Garnett approximation may give acceptable results depending on particle size and dimensions of the inclusions -a result which has been already pointed out by other authors (e.g. Bohren, 1985) who find that the optical dimensions of the inclusions should be 1 for a correct application of the mixing theory. On the other hand, this approximation may produce unrealistically high values of the asymmetry factor for soft-ice particles, which, as demonstrated by Skofronik-Jackson et al. (2004) , would lead to computed upwelling brightness temperatures that are inconsistent with the measurements.
-Even the Weinman and Kim (2007) fitting formulas do not adequately represent the scattering from our softice particles, but again this is not surprising since these authors model snow flakes rather than quasi-spherical shapes.
-Nevertheless, we have been able to modify these fitting formulas in such a way to obtain very good fits -differences from DDA results are usually less than 10-20%.
Finally, we plan in our future work to: a) simulate more realistic rimed particles, with shells of different densities and conical or spheroidal shapes; and b) investigate the impact of our soft-ice particles on the microwave radiative transfer to space through intense convective clouds.
